Abstract: To evaluate the effect of age on toxicant-induced pulmonary and extrapulmonary changes, we examined the effect of inhalation exposure to ozone (03) on the ventilatory and heart rate (HR) responses in 4-6 and 20-22-month-old male rats. The rats, chronically implanted with an electrocardiographic (ECG) electrodes, were placed in a head-out plethysmograph for continuous ventilatory measurements of tidal volume and breathing frequency. Simultaneous measurements of HR were also obtained. A 6-hr exposure of each rat to filtered air was followed 2 days later by a 5-hr exposure to 0.1 ppm 03, 5 days later by a 5-hr exposure to 0.3 ppm 0 3 and 10 days later by a 5-hr exposure to 0.5 ppm 03. Each of the 03 exposures was preceded by a 1-hr exposure to filtered air. Transient rapid shallow breathing with slightly increased HR appeared 1-2 min after the start of 0 3 exposure. It was suggested on the basis of the electroencephalographic (EEG) activity of the olfactory bulb that this transient response was mediated through olfactory sensation. Persistent rapid shallow breathing with a progressive decrease in HR occurred with a latent period of 1-2 hr. The last 90-min averaged values for relative minute ventilation tended to decrease with the increase in the level of exposure to 03 and these values for young rats were significantly lower than those for old rats. An exposure of young rats to 0.1 ppm 03 for shorter than 5 hr significantly decreased the tidal volume and HR and increased breathing frequency, but no significant changes were observed in old rats. There were no differences between young and old rats in non-observable-adverse-effect-levels (NOAELs) for the 03-induced persistent ventilatory and HR responses, when the NOAELs were determined by exposure to 0.3 and 0.5 ppm 03. The present results, as well as the reported decrease in body temperature and blood pressure, suggested that the age-related changes in patterns and magnitude of the persistent rapid shallow breathing with a progressive decrease in HR are mediated through some age-related defense mechanism acting against 03 inhalation.
Introduction *To whom correspondence should be addressed .
Ozone (03) is known as a principal component of photochemical oxidants in urban atmosphere. 03 is also a hazardous gas in workplaces, emanating inevitably through a reaction of aerial oxygen with high energy sources such as an arc welding process, an ultraviolet spectrometer, a highenergy accelerator and a copying machine. Inhalation exposure to 03 is known to produce adverse effects on the respiratory system and its function'. 03 is also found to adversely affect extrapulmonary functions including the cardiovascular and thermoregulatory functions2-'~. Since the cardiovascular8' 9) and ventilatory functionsl0-12~ are reported to change with age, elderly workers and community residents are thought to be at higher risk of injury induced due to 03 exposure than younger people. On the contrary, Reisenauer et al.13~ suggested that older, healthy individuals are no more susceptible to the acute respiratory effects of 03 than adolescents. Drechsler-Parks et al. 14~ showed that older individuals may be less responsive to 03 than young ones. The present study aimed at examining whether there are any age-related differences in pulmonary and extrapulmonary responses of the conscious rat to acute 03 exposure. For this purpose, some ventilatory parameters and the heart rate (HR) of young and old rats were simultaneously measured by a head-out plethysmographic method during 03 exposure at relevant levels which were encountered frequently in workplaces and urban atmospheres. Non-observableadverse-effect levels (NOAELs), which were defined here as a threshold above which any defense response to the inhalation of hazardous gases was elicited, were evaluated from the empirical relationships between those pulmonary and extrapulmonary responses and the effective dose of 03 taken into the respiratory system. The present findings were discussed for causative factors affecting possible age-related susceptibility to 03 and for the validity of the occupational exposure limit for 03 in workplaces's-18 Materials and Methods
Animals
A total of 14 young and 9 old male SPF rats of the JCLWistar strain were used in the present study. The ages of the old and young rats were 20-22 months and 4-6 months, respectively. They were purchased at the age of one month from Japan CLEA, and held in an animal colony until they reached the appropriate experimental ages. The rats were housed in wire-meshed sages (5 rats/cage), allowed free access to food pellets and water, and maintained at a temperature of 24 ± 1°C, with a relative humidity of 55 ± 5%, under an automatic lighting schedule of a 12-hr light (8:00-20:00)/12-hr dark (20:00-8:00) cycle.
Electrode implantation
Under Nembutal anesthesia (40 mg/kg body weight, ip), 9 young and 9 old rats were implanted with electrodes for bipolar electrocardiographic (ECG) recording. Bared tips of insulated multi-stranded stainless steel wires were affixed at the epicostal connective tissues on both the apex of heart and the manubrium steri. A screw electrode of stainless steel was inserted on the cerebellum through the skull for grounding. The lead wires of the ECG electrodes were soldered to a miniature socket and cemented onto the skull with dental acrylic. A hollow metal rod to secure the head during the plethysmographic measurement was also cemented onto the skull. Another 5 young rats were also implanted with another stainless steel screw electrode on the olfactory bulb to measure the electroencephalographic (EEG) activity of the olfactory bulb. A week was allowed to recover from the surgery, and penicillin was administered daily.
Ventilatory and HR measurements
Each electrode-implanted rat was placed in a head-out plethysmograph box made of cylindrical plexiglas. The box was designed as air-tightening bodily space with a latex rubber collar surrounding the neck. The head was secured to a stereotaxic holding device with the implanted hollow metal rod. Leakage of air from a gap between the depilated neck skin and the collar was sealed by the liberal use of water-soluble polyvinyl paste. Thoracic displacement of air during respiration was measured with a pneumotachograph (#0000, Fleish, Switzerland) and pressure across the pneumotachograph was measured with a differential pressure transducer (DP45-18, Validyne, USA). The bioelectrical signals from a carrier demodulator (CD 280, Validyne, USA) were processed for breath-by-breath analysis of breathing frequency, tidal volume and inspiratory and expiratory times with a personal computer (NEC-PC9821, Japan). Time-series data of the breath-by-breath ventilatory parameters were stored on a computer disk. The ECG activity was amplified with a 21-channel polygraph (Type 1A98, NEC-Sanei, Japan) and then fed into an HR counter (Fukuda Denshi, Japan) in which the number of Rwaves in every 10-sec interval was registered and stored on a computer disk. Both the ECG activity and the amplified signals from the pressure transducer were written on polygraphic paper at a speed of 6 mm/sec and simultaneously stored with a FM data recorder (XR-7000L, TEAL, Japan). The EEG activity of the olfactory bulb was recorded on the surface of the olfactory bulb with reference to the cerebellum and stored with the FM data recorder. In order to adapt to the environment of both the plethysmographic measurement and the exposure chamber, the rat had been placed in the body plethysmograph box on 3 consecutive days before the physiological measurement and the exposure to filtered air were started. The measurements were made for 6 hr from 10:00 to 16:00.
Inhalation exposure Four head-out plethysmographs were plugged in the ports of a 0.6 m3 stainless steel exposure chamber. Air flow in the chamber was adjusted to be exchanged 15 times per hr.
The humidity, temperature and lighting schedule in the exposure chamber were maintained under the same conditions as in the animal colony. 03 was produced by passing a dry clean airstream through a silent arc discharge generator.
The flow rate of air containing a high 03 concentration was regulated with a mass flow controller, diluted with filtered airflow, and introduced into the chamber. The 03 concentration in the chamber was continuously monitored with an ultraviolet ozone monitor (Sibata Chem., Japan), and controlled with a feedback circuit in the mass flow controller and the ozone monitor. The steady state levels of 03 were 0.096 ± 0.004 ppm (mean ± SD), 0.309 ± 0.004 ppm and 0.505 ± 0.006 ppm, and the time periods required to raise the 03 concentration to these steady state levels were 8,14 and 25 min, respectively. In order to obtain control values for the physiological parameters, 7 young and 7 old rats were exposed to filtered air for 6 hr and a 5-hr exposure to 0.1 ppm 03 followed 2 days later. At an interval of 5 days, the same rat was exposed to 0.3 ppm 03 and 10 days later to 0.5 ppm 03 for 5 hr. A 1-hr exposure to filtered air was preceded by one of the 03 exposures. Effective Dose = of C(t) . Ve(t)dt/body weight where C(t) and Ve(t) are the 03 concentration and minute H ARITO et al.
ventilation at a time t, respectively. Coefficient a indicates the 03 uptake, and we took the reported uptake value to be 40% of the inspired19~. Two-way analysis of variance (ANOVA) followed by Newman-Keuls test was applied for statistical significance of the two factors, age and 03 level, and multiple comparison between the levels of the significant factors, respectively. The 1-min and 30-min averaged values for breathing frequency, tidal volume, minute ventilation and HR of each rat were normalized with respect to the preexposure values for the same rat obtained for 1 min and 30 min immediately before the exposure to 03 or filtered air.
Statistical comparisons of these 1-min and 30-min values between the 03-exposed rats and the respective controls were carried out by paired t-test.
Results

Baseline values for ventilatory parameters and HR
The 30-min averaged values (mean ± SD of 7 rats) for tidal volume, breathing frequency, minute ventilation and HR during the second 30-min period immediately before the 03 exposure were 1.75 ± 0.31 ml, 109.0 ± 21.8 cycles/ min, 188.4 ± 43.0 ml/min and 396.5 ± 41.0 beats/min for young rats and 1.99 ± 0.06, 89.6 ± 8.6, 177.8 ± 20.8 and 364.1 ± 31.0 for old rats, respectively. Young rats had lower tidal volume and higher breathing frequency and HR than old rats did, but the factor of age was not statistically significant with respect of these physiological parameters by ANOVA. In the present study, all the same rats were exposed to 0.3 and 0.5 ppm 03 5 and 10 days after the exposure to 0.1 and 0.3 ppm 03, respectively. The absence of any carry-over effect arising possibly from the 5-and 10-day recess interval was confirmed in two ways: First, the second 30-min averaged baseline values for breathing frequency, tidal volume and heart rate were subjected to two-way analysis of variance followed by Newman-Keuls test. No statistically significant differences were found in the pre-exposure baseline values of these physiological parameters among the 1 st, 2nd, 3rd and 4th exposures. Secondly, it was confirmed in the preliminary experiment that the magnitudes of the ventilatory and HR responses of 2 rats in both young and old groups to the first exposure to 0.3 ppm 03 did not differ from those of the respOnses of the same rats exposed to 0.3 ppm 03 after the 10-day recess interval.
Early responses immediately after the start of 03 exposure It was, however, noteworthy that such a tendency for the breathing frequency to recover was not observed in old rats.
The relative tidal volume of the 03-exposed young and old rats decreased significantly 1-3 hr after the onset of 03 exposure.
The decreased tidal volume of young and old rats did not exhibit any tendency to recover during the latter half of the exposure period. Exposure to 0.1 ppm 03 produced a significant decrease in HR in young rats, while it did not in old rats. The magnitudes of decrease in HR during the time-course of 03 exposure tended to be greater in young rats than in old rats. old rats exposed to 03 were subjected to two-way ANOVA followed by Newman-Keuls test.
rats did (P<0.05 by Newman-Keuls test). Figure 5 shows dose-response relationship between the effective dose and ventilatory and HR responses of an old rat exposed to 0.5 ppm 03 for 5 hr. As indicated by the arrow, the NOAEL for each physiological response was determined as a threshold point in the empirical relationship between the effective dose and the physiological response. Table shows Table 1 , because the threshold points were not so clearly seen for 5 old rats and 3 young ones as those shown in Figure 5 . The persistent rapid shallow breathing with a progressive The arrow indicates NOAEL for each response. Table 1 . Non-observable-adverse-effect-levels (NOAELs) of the ventilatory and heart rate responses of young and old rats to 0. 
